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Background 
While there are no Federal water quality criteria (WQC) for the protection of freshwater life for 
total dissolved solids (TDS), sulfate, or sodium (U.S. EPA 1999), several states, including 
Minnesota, Indiana, and Illinois, are at various stages in the process of developing standards for 
sulfate.  The current “General Use” standard of 500 mg/L in Illinois is based on the value thought 
to be protective of livestock, but the Illinois Environmental Protection Agency (IL EPA) is 
actively pursuing an update of the sulfate standards based on scientific research, and is close to 
proposing an updated standard (R. Mosher, IL EPA, pers. comm.).   
 
Sodium is one of the most common major cations in high TDS effluents, but calcium and 
chloride are usually present in mine-impacted waters as well.  While major ion or TDS toxicity is 
caused by osmoregulatory stress from the combination of all cations and anions, chloride 
standards currently exist, and Illinois plans to additionally regulate for sulfate in order to address 
the major non-chloride component of TDS in these waters.  Therefore, studies were conducted by 
Soucek (2004; also published as Soucek and Kennedy 2005) to (1) generate LC50s (lethal 
concentration to 50% of a sample population) and LC10s (lethal concentration to 10% of a 
sample population) for sulfate with selected freshwater invertebrates (Ceriodaphnia dubia, 
Chironomus tentans, Hyalella azteca, and Sphaerium simile) in U.S. Environmental Protection 
Agency's (US EPA, 1993) moderately hard reconstituted water (MHRW) and (2) determine the 
effects of laboratory water composition, water hardness, and test organism acclimation on the 
acute toxicity of sulfate to Ceriodaphnia dubia and Hyalella azteca (Soucek, 2004).  In these 
previous studies (Soucek, 2004), the mean LC50s, expressed as mg SO42-/L, in moderately hard, 
reconstituted water (MHRW; U.S. EPA 2002) ranged from: 512 to 14,134 mg/L.  The LC50 
generated for the amphipod, Hyalella (512 mg/L) was surprisingly low, given that it is known as 
a euryhaline organism (Ingersoll et al., 1992), but as will be discussed below, water quality data, 
including other cations and anions present, are critical for predicting the responses of freshwater 
organisms (especially Hyalella) to elevated sulfate concentrations. 
 
The composition of the dilution water used during testing in the Soucek (2004) study had a 
dramatic effect on the toxicity of sulfate to Hyalella.  Whereas the 96-hour LC50 in MHRW was 
512 mg/L, the LC50 increased to 2,855 mg/L when using a “Reformulated Moderately Hard 
Reconstituted Water” (RMHRW, Smith et al., 1997).  The LC50 for C. dubia also increased 
from 2,050 in MHRW to 2,526 mg/L in RMHRW.  Both dilution waters were similar in terms of 
hardness (~90-106 mg/L as CaCO3), alkalinity, and pH, but RMHRW had a higher chloride 
concentration and different calcium to magnesium ratio than that in MHRW.  An additional 
experiment, not included in the Soucek (2004) report, indicated that when sulfate (~2,800 mg/L) 
and hardness (106 mg/L) were held constant, percent survival of H. azteca was positively 
correlated with chloride concentration (up to 67 mg Cl-/L; Soucek and Kennedy, 2005).  These 
experiments illustrated the need to further characterize the interacting effects of chloride and 
sulfate on aquatic organisms. 
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Another factor that appears to have a strong effect on the toxicity of sulfate is the presence of 
other major cations, in this case, calcium and magnesium, measured as hardness.  In the previous 
study (Soucek 2004), increased hardness reduced the toxicity of sulfate to Hyalella and had a 
dramatic effect on the 48-hour LC50 for C. dubia, increasing from 2,050 at a hardness of 90 to > 
2,900 mg/L at hardnesses higher than 194 mg/L as CaCO3.  Others have observed reduced 
toxicity of saline solutions due to increased hardness as well (e.g., Dwyer et al. 1992; Mount et 
al. 1997).   
 
While a great deal of progress has been made in the understanding of sulfate toxicity under 
varying water quality conditions, several important data gaps remained.  First, quantification of 
the effects of hardness on sulfate toxicity to Hyalella was needed to determine if the previously 
observed phenomenon was specific to Ceriodaphnia.  Another research need was quantification 
of the effects of a wide range of chloride concentrations on sulfate toxicity to both Hyalella and 
Ceriodaphnia.  In addition, previous studies (Soucek 2004) indicated that the fingernail clam, 
Sphaerium simile, had a lower LC10 than that of C. dubia, but because of the temporal nature of 
its availability, this bivalve was only tested in MHRW.  It remained unclear whether or not a 
mollusk will have the same physiological response as two crustaceans to increased chloride or 
hardness in these experiments with sulfate.  Another data gap was the fact that all of the tests 
conducted in the Soucek (2004) study were acute exposures of 48 to 96 hours.  Sublethal effects 
of sulfate in longer-term exposures were unknown.  Therefore, the objectives of this study were 
to build on previous studies conducted to support development of a sulfate criterion for 
protection of aquatic life by (1) determining the effects of hardness on toxicity of sulfate to 
bivalves, (2) determining the toxicity of sulfate to juvenile unionid mussels, (3) determining the 
short-term (7 days) chronic toxicity of sulfate to Ceriodaphnia dubia, (4) determining the effects 
of chloride on acute toxicity of sulfate to Hyalella and Ceriodaphnia, and (5) determining the 
effects of hardness on toxicity of sulfate to Hyalella at a critical chloride concentration, i.e., the 
chloride concentration at which sulfate is significantly less toxic to Hyalella as determined in #4 
above.  
 
Methods 
 
General culturing and testing methods 
Invertebrates selected for testing include Ceriodaphnia dubia, Hyalella azteca, Sphaerium simile 
(Pelecypoda, Sphaeriidae), and a juvenile freshwater unionid mussel (Lampsilis siliquoidea).  
The cladoceran, Ceriodaphnia dubia, was cultured in-house (Soucek laboratory, Illinois Natural 
History Survey) according to U.S. EPA methods (2002).  Amphipods, Hyalella azteca, also were 
cultured in house according to U.S. EPA methods (2000) in a “Reformulated Moderately Hard 
Reconstituted Water” described in Smith et al. (1997).  Sphaeriid clams were collected from 
Spring Creek, near Loda, Illinois, (Iroquois County) and acclimated to MHRW at 22 ºC and a 
16:8 (L:D) photoperiod for 5-7 d prior to testing.  Clams collected from this site were previously 
identified to species by Dr. Gerald Mackie, of the University of Guelph, Department of Zoology, 
Guelph, Ontario, Canada. 
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For toxicity testing, a pure (99%) grade of anhydrous sodium sulfate (Na2SO4) (CAS No. 7757-
82-6) was obtained from Fisher Scientific (Pittsburgh, PA, USA) to serve as the source of sulfate. 
 Previous experiments indicated that the salts and deionized water sources used for our 
experiments had low to undetectable levels of trace metal contaminants (Soucek 2004). 
 
For definitive static, non-renewal toxicity tests, conducted according to American Society for 
Testing and Materials (ASTM) E729-96 methods (2002a) treatments were comprised of a 75% 
dilution series (i.e., the 100% concentration was serially diluted by 25%), rather than the standard 
50%, because major ion toxicity tests often cause 100% mortality in one concentration and 0% 
mortality in the next highest concentration if the spread is too great.  Five to six concentrations 
were tested in addition to controls with four replicates tested per concentration.  Tests with C. 
dubia were conducted for 48 h with a 16:8 (L:D) photoperiod at 25 ºC, and H. azteca and S. 
simile were exposed for 96 h at 22 ºC and a 16:8 (L:D) photoperiod.  Both crustaceans were 
exposed in 50-ml glass beakers with 5 organisms per beaker, and for H. azteca, 1 g of quartz 
sand was added to each beaker to serve as substrate.  Clam tests were conducted in 150-ml glass 
beakers (no substrate).  All clams used are juveniles.  Only one of the 63 tests was fed, and that 
fed test had a median LC50 compared to two other tests conducted with the same organism in the 
same water type.  Ceriodaphnia dubia used were less than 24-h old, and H. azteca were ~third 
instar (7 – 14 d old).  Percent survival in each replicate was recorded every 24 h and at the end of 
the exposure period.  A dissecting microscope was used to assess survival of H. azteca. 
 
Chronic testing was conducted according to guidelines described in ASTM E 1295-01 (2002b). 
Ten replicates were used per sulfate concentration with one organism per replicate.  Endpoints 
included the number of young (both live and dead recorded separately) produced by each first 
generation C. dubia, and survival of first generation C. dubia.   
 
Standard water chemistry parameters were measured at both the beginning and the end of each 
exposure period, including temperature, pH, conductivity, dissolved oxygen, alkalinity and 
hardness.  The pH measurements were made using an Accumet® (Fisher Scientific, Pittsburgh, 
PA, USA) model AB15 pH meter equipped with an Accumet® gel-filled combination electrode 
(accuracy < ± 0.05 pH at 25 °C). Dissolved oxygen was measured using an air-calibrated Yellow 
Springs Instruments (RDP, Dayton, OH, USA) model 58 meter with a self-stirring biochemical 
oxygen demand probe.   Conductivity measurements were made using a Mettler Toledo® (Fisher 
Scientific, Pittsburgh, PA, USA) model MC226 conductivity/TDS meter.  Alkalinity, and 
hardness were measured (beginning of tests only) by titration as described in American Public 
Health Association (APHA) et al. (1998).  Samples from each treatment were analyzed to 
confirm sulfate concentrations by ion chromatography at the Illinois Natural History Survey 
Aquatic Chemistry Laboratory, Champaign, IL, USA.   
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All LC50s were calculated based on both measured sulfate concentrations and measured specific 
conductivities for each test concentration using the Spearman-Karber method, and sulfate LC10s, 
LC5s, and LC1s were calculated using probit analysis.  To increase confidence in LC50s, three to 
five assays were conducted with each organism for each water quality combination.  This 
provided a stronger estimate of the mean LC50 for a given set of water quality parameters for 
each species.  In all, 63 new LC50s were generated.  After LCXs were calculated using probit 
analysis, the following quotients were calculated: LC10/LC50, LC5/LC50, and LC1/LC50.  Then 
geometric mean quotients for each species were compared using Student’s T-test.   
 
Toxicity testing with freshwater mussels (USGS) 
Test conditions and procedures for conducting toxicity tests with newly-transformed juvenile 
mussels of fatmucket (Lampsilia siliquoidea) were in accordance with the recommended test 
conditions outlined in ASTM E2455-05 (2005, and see Appendix 1). Five 96-h sulfate toxicity 
tests with juvenile fatmuckets were conducted at three hardnesses (100, 300, and 500 mg/L as 
CaCO3 with Ca:Mg ratio of 2.33) and two chloride concentrations (5 and 33 mg/L) at one 
hardness (100 mg/L with Ca:Mg ratio of 1.46) at the U.S. Geological Survey’s Columbia 
Environmental Research Center. A preliminary range-finding test with juvenile fatmuckets 
indicated that the concentration of 5000 mg sulfate/L resulted in more than 50% mortality and 
therefore was chosen as the highest concentration for the 96-h toxicity tests. Each of the five tests 
was conducted with five concentrations of sulfate in a 50% serial dilution and a control with four 
replicates. Test water and solution were provided by Illinois Natural History Survey, Champaign, 
IL.  1-d-old juvenile fatmuckets were obtained from laboratory cultures at Southwest Missouri 
State University, Springfield, MO. When juvenile mussels were received, the water temperature 
was gradually adjusted to the test temperature (20°C). Shipment water was gradually replaced 
with test water over a 48-h acclimation period. Five juveniles exhibiting foot movement were 
impartially transferred into each of 50-ml glass beakers with about 30-ml test solution. Water 
quality characteristics including pH, conductivity, hardness, and alkalinity in each exposure 
treatment were determined at the beginning and the end of each test (Table 2) and were close to 
the nominal.  Dissolved oxygen was above 8.2 mg/L during all tests. Sulfate concentrations were 
measured at INHS as described above.  After 48- and 96-h exposure, survival of juvenile mussels 
was determined.  Individuals which exhibited foot movement within a 5-min observation period 
were classified as alive (ASTM 2005). Median effective concentrations (EC50s) were 
determined by the Trimmed Spearman-Karber method (TOXSTAT 3.5; WEST 1996). Measured 
sulfate concentrations were used for EC50 calculation. 
 
Influence of chloride on the toxicity of sodium sulfate   
In these experiments, we tested the toxicity of sulfate (with sodium as the major cation) to H. 
azteca and C. dubia in freshwater solutions having nominal chloride concentrations of 1.9, 10, 
15, 20, 25, 33 (H. azteca only), 100, 300 and 500 mg Cl/L.  Chloride, as NaCl (CAS No.7647-
14-5, Fisher Scientific Cat. # AC42429-0010) was added at appropriate concentrations to a 
solution with a hardness of ~100 mg/L (molar ratio of Ca:Mg = 1.41; 2.33 in terms of mass). 
Whole carboys were made for each elevated chloride concentration, and this water was used as 
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both diluent and control; therefore, each concentration within a given test had the same chloride 
concentration (i.e., [Cl-] did not change with dilution).  The only parameters that varied within a 
particular test were sodium, sulfate and conductivity.   At least three tests were conducted for 
each hardness to provide a mean LC50 and standard deviation.  Exposures were conducted using 
the same laboratory and calculation methods described above.   
 
After LC50s were calculated as described above, regression analysis was conducted using JMP® 
software (Sall and Lehman, 1996) to determine the relationship between chloride concentration 
and sulfate LC50 for each species.  Mean LC50s for each chloride concentration were used in 
these analyses, and two separate analyses were conducted for each species: one for the range or 5 
to 25 mg Cl/L and one for the range of 25 to 500 mg Cl/L.  Then, multiple regression analysis 
with covariance was conducted for the same data ranges using all individual data points to 
generate an equation for both species, and to determine if the curves were significantly different 
for the two species.     
 
Influence of hardness on the toxicity of sodium sulfate  
In these experiments, we tested the toxicity of sulfate (with sodium as the major cation) to H. 
azteca in six freshwater solutions having nominal hardnesses of <100, 200, 300, 400, 500, and 
600 mg/L (as CaCO3).  Hardness was increased by adding enough CaSO4 (CAS No. 7778-18-9) 
and MgSO4 (CAS No. 7487-88-9), at a set molar ratio (Ca:Mg = 1.41; 2.33 in terms of mass) to 
achieve the nominal hardnesses.  The Ca:Mg ratio was chosen because it is the median value for 
water bodies sampled in Illinois (R. Mosher, IL EPA, pers. com.).  A chloride concentration of 
25 mg/L was used for all tests investigating the effects of hardness on sodium sulfate toxicity to 
H. azteca based on results from above described tests investigating the effects of chloride on 
sodium sulfate toxicity to H. azteca and C. dubia.  Whole carboys were made for each elevated 
hardness, and this water was used as both diluent and control; therefore, each concentration 
within a given test had the same hardness (i.e., [Ca2+] and [Mg2+] did not change with dilution).  
The only parameters that varied within a particular test were sodium, sulfate and conductivity.  
At least three tests were conducted for each hardness to provide a mean LC50 and standard 
deviation.  Exposures were conducted using the same laboratory and calculation methods 
described above.  LC50s for H. azteca were compared to previously generated LC50s for C. 
dubia (Soucek and Kennedy 2005), which were conducted in solutions having a Ca:Mg molar 
ratio of 0.88 and [Cl-] of 1.9 mg/L.   
 
After LC50s were calculated as described above, regression analysis was conducted using JMP® 
software (Sall and Lehman, 1996) to determine the relationship between hardness and sulfate 
LC50 for each species.  Mean LC50s for each hardness were used in these analyses.  Then, 
multiple regression analysis with covariance was conducted for the same data ranges using all 
individual data points to generate an equation for both species, and to determine if the curves 
were significantly different for the two species.     
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Relationship between sulfate LC50s and conductivity LC50s 
To investigate variability in conductivity at sulfate LC50 concentrations, linear regression 
analysis was used, and C. dubia data from Soucek and Kennedy (2005) were included in the 
analyses.  Three data ranges were used to compare sulfate and conductivity LC50 relationships: 
Cl = 5 to 100 mg/L, Cl = 5 to 300, and Cl = 5 to 500 mg/L. 
 
Comparison of test results with STR model predictions 
To compare results from the present study to toxicity predictions generated by the STR model 
(Mount and Gulley, 1993), we calculated nominal concentrations of all constituent ions (except 
H+ and OH-, which are not required by the model) at observed mean sulfate LC50s for each test 
solution type (Cl = x, hardness = y, and Ca:Mg = z).  Ions required by the model include Ca2+, 
Mg2+, Na+, K+, Cl-, HCO3-, and SO42-.  These calculations were possible because we generated all 
test solutions using deionized water with known salt concentrations added.  In addition, 
confidence in the use of nominal concentrations for all ions is provided by the fact that the 
average of the absolute value of % difference between nominal and measured sulfate 
concentrations was 2.082%.   
 
The model output includes equivalents of cations and anions, and requires that, to have 
confidence in model output, the difference between the two be less than 15%.  The average (± 
SD) % difference between cations and anions for out inputs was 0.09 (± 0.01)%, indicating 
excellent agreement between cation and anion equivalents.  Other model outputs included 
calculated TDS, a “NUMCAT” value, LC50 in terms of % of solution, and % survival in 100% 
of solution.  Because all of our inputs were concentrations at observed LC50, the observed % 
survival in 100% solution was always 50%.  To examine the effectiveness of the predictive 
ability of the STR model over the range of solutions tested, we created scatter plots of predicted 
% survival versus either chloride concentration or water hardness as appropriate for each species 
tested.  Model outputs included toxicity predictions for C. dubia, Daphnia magna, and 
Pimephales promelas.  Because Hyalella was most similar in sensitivity to C. dubia, we 
compared observed results for Hyalella to predicted results for C. dubia.   
 
Predictive equations for standard development 
A subset of the available data (from this study) was used to calculate slopes describing the effects 
of hardness and chloride on sulfate toxicity.  In consultation with Charles Stephan (USEPA), it 
was decided that only tests conducted with a Ca:Mg molar ratio of 1.41 (2.33 in terms of mass) 
would be included for standard development.  Further more, because consistent linear 
relationships between hardness and sulfate were observed for both C. dubia and H. azteca in the 
range of ~100 to ~500 mg/L as CaCO3 (see data below), only tests conducted within this range 
were included for standard development.  Finally, because the relationship between chloride 
concentration and sulfate toxicity was inconsistent below 25 mg/L (see data below), only tests 
conducted at chloride concentrations of 25 mg/L or higher were included for standard 
development.  This left 42 tests (14 for C. dubia and 28 for H. azteca) for inclusion in calculation 
of slopes describing the effects of hardness and chloride on sulfate toxicity.  To calculate slopes, 
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multiple linear regression analysis with covariance was conducted with LC50 (based on 
measured sulfate concentrations) as the dependent variable and chloride, hardness, and species as 
independent variables.    
 
RESULTS and DISCUSSION 
 
Influence of chloride on the toxicity of sodium sulfate 
Chloride had variable effects on sodium sulfate toxicity to C. dubia and H. azteca over the range 
of 5 to 500 mg Cl-/L.  For Hyalella in particular, two different linear trends were observed 
depending on the chloride range (Fig. 1a, b).  Increasing chloride concentration from 5 to 25 
mg/L resulted in increasing SO42- LC50s (R2 = 0.8503, p = 0.0258) for Hyalella (Fig. 1a), 
although the slope between 5 and 11 mg Cl-/L was steeper than that between 11 and 25 mg Cl-/L. 
For C. dubia, a mildly positive trend was observed, but the relationship was not significant over 
this chloride concentration range (R2 = 0.4906, p = 0.1877).  In addition, the LC50s for C. dubia 
were higher than those for Hyalella for each chloride concentration over this range.  When using 
a combined data set of individual test LC50s for C. dubia and Hyalella over this chloride range 
and at hardness = 100 (n = 33) in a simple linear regression analysis with covariance (with 
species as a treatment effect and chloride concentration as continuous effect), a strong positive 
relationship was observed (R2 = 0.7900, p < 0.0001) with both the chloride and treatment 
(species) effects being significant (p < 0.0001, Table 1).   
 
While a positive relationship between chloride concentration and SO42- LC50 was observed for 
Hyalella over the range of 5 to 25 mg Cl-/L, a significantly negative trend (R2 = 0.875, p = 
0.0195) was observed over the range of 25 to 500 mg Cl-/L.  An even stronger negative 
relationship (R2 = 0.9493, p = 0.0257) was observed for C. dubia over the same chloride range.  
When using the combined data set of individual test LC50s for C. dubia and Hyalella over this 
chloride range and at hardness = 100 (n = 30) in a simple linear regression analysis with 
covariance as described above, a negative relationship was observed (R2 = 0.6539, p < 0.0001) 
with both the chloride and treatment (species) effects being significant (p < 0.0001 and p = 
0.0003, respectively, Table 1). 
 
Hyalella appears to require a minimal amount of chloride for effective osmoregulation.  While 
there are several different osmoregulatory strategies used by freshwater organisms, most 
freshwater amphipods and daphnid cladocerans regulate hypertonically with respect to the 
surrounding medium, and this is achieved by active transport of ions into the hemolymph 
(Dorgelo 1981, Aladin and Potts 1995, Greenaway 1979, Schmidt-Nielsen 1997).  The principal 
inorganic anion of crustacean hemolymph is chloride, and it has been suggested that low chloride 
concentrations may limit the distribution of at least one euryhaline amphipod (Corophium 
curvispinum) in freshwaters (Bayliss and Harris 1986).  Even among amphipods, there is a wide 
range of sodium and chloride influx rates and integument permeabilities which determine 
osmoregulatory effectiveness (Bayliss and Harris 1986, Taylor and Harris 1986); therefore, it is 
not surprising that the responses of H. azteca and C. dubia to sodium sulfate were quite different 
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over the lower range of chloride concentrations.  While Borgmann (1996) suggested that under 
low salinity conditions, bromide was required but chloride was not needed by H. azteca for 
survival, growth and reproduction, data from this study suggest that the chloride is quite 
important in determining the response of that organism to elevated levels of sodium sulfate.  
Laboratory deionized water and concentrated sodium sulfate solutions were analyzed previously 
for bromide, and levels were below detection limits (Soucek 2004). 
 
Over the higher range of chloride concentrations (25 to 500 mg/L), a different trend was 
observed than that over the lower concentrations.  While the slopes of the lines for the two 
crustacean species were different, there was a negative correlation between chloride 
concentration and sulfate LC50 for both species.  The trend was stronger for C. dubia, with a 
more negative slope (-2.2) compared to H. azteca (-0.875), although R2s were high and 
relationships statistically significant for both.  These data suggest that, over this range of chloride 
concentrations, chloride and sodium sulfate toxicity are additive.  Chloride LC50s (as NaCl) for 
C. dubia generally range from 900 to 1,200 mg Cl-/L (e.g., Mount et al. 1997), and so the highest 
two chloride concentrations in this study were likely to cause some toxicity without sulfate 
present.   
 
Table 1.  Results of multiple regression analysis with covariance for three different subsets of 
data.  Individual LC50s were used as data points.   Data for both species were included.   
 
[Cl-] range = 5-25 mg/L, hardness ~100 mg/L 
R2 = 0.7900, n =33 
Term Estimate p  
Intercept 1270.23 <0.0001 
chloride 35.14 <0.0001 
Species 449.68 <0.0001 
  
[Cl-] range = 25-500 mg/L, hardness ~100 mg/L 
R2 = 0.6539, n =30 
Term Estimate p  
Intercept 2189.48 <0.0001 
chloride -1.46 <0.0001 
Species 178.92 0.0003 
  
Hardness range = 100-600, Cl = 25 mg/L 
R2 = 0.5177, n = 38 
Term Estimate p  
Intercept 1969.38 <0.0001 
Hardness 3.15 <0.0001 
Species -10.38 0.9046 
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Figure 1.  Influence of chloride concentration over two ranges, 5 to 25 mg/L (A) and 25 to 500 mg/L (B), 
on toxicity of sodium sulfate to Ceriodaphnia dubia and Hyalella azteca.  Hardness was ~100 mg/L for all 
tests and Ca:Mg molar ratios were 1.41 except for the tests at 5 mg Cl-/L (0.88). 
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Effects of hardness on toxicity of sulfate to Hyalella at chloride = 25 mg/L  
When chloride was maintained at 25 mg/L, a strong linear trend of decreased sulfate toxicity with 
increased hardness (R2 = 0.7092, p = 0.0354) was observed for Hyalella (Fig. 2).  LC50s 
increased from less than 1,900 mg/L at hardness = 100 mg/L, to greater than 4,000 mg/L at a 
hardness of 500 mg/L.  The mean LC50 at 600 mg/L hardness was lower than that at 500 mg/L 
hardness.   It remains unclear how the trend will continue with increasing hardness above 600 
mg/L.  When using the combined data set of individual test LC50s for C. dubia and Hyalella 
over this hardness range (n = 38) in a simple linear regression analysis with covariance as 
described above, a positive relationship was observed (R2 = 0.5177, p < 0.0001, Table 1).  The 
hardness effect was observed to be significant (p < 0.0001), but the treatment (species) effect was 
not (p = 0.9046, Table 1).  
 
Hardness had a strong influence on sulfate acute toxicity that was similar for both crustacean 
species.  A number of studies have provided evidence that increasing hardness ameliorates 
toxicity of waters with high dissolved solids concentrations (Kennedy et al. 2003, 2005, Dwyer et 
al. 1992, Mount et al. 1997, Latimer 1999) and Soucek and Kennedy (2005) showed 
quantitatively that, in a sodium-dominated system, sulfate toxicity to C. dubia is reduced as 
hardness progressively increases.  In this study, the results of multiple linear regression analyses 
indicated no difference between the responses of the two species over the hardness range of 100 
to 600 mg/L as CaCO3.  This was in contrast to the results of the tests in which chloride was 
varied, where the two species had different responses (slopes) over both ranges of chloride 
concentrations examined.  In addition, these results are notable because nearly identical slopes 
were observed for the two species despite the fact that the waters for tests conducted with C. 
dubia had a different chloride concentration (5 mg/L) and Ca:Mg molar ratio (0.88) than those 
used for tests with H. azteca (25 mg Cl-/L, and 1.41 Ca:Mg molar ratio).  Soucek and Kennedy 
(2005) proposed as an explanation for this phenomenon of hardness ameliorating sulfate toxicity 
that increased calcium concentrations decrease the passive permeability of epithelial cells to 
water and ions in various aquatic organisms (Lucu and Flik 1999, Pic and Maetz 1981), reducing 
passive diffusion and the energy required to osmoregulate, and accounting for the decrease in 
toxicity.  Calcium can mitigate hydrogen ion toxicity to aquatic organisms by decreasing 
membrane permeability to H+ and stimulating active Na+ uptake (see Havas and Advokaat 1995); 
however, Potts and Fryer (1979) found that calcium had little effect on sodium loss in Daphnia 
magna.  While data from the present study support this hypothesis, other explanations are 
possible and empirical work is needed to determine the mechanism behind the phenomenon. 
 
INHS 
June 20, 2006 
 
 12
y = 3.6716x + 1822.1
R2 = 0.7092, p = 0.0354
Hyalella  only
1000
1500
2000
2500
3000
3500
4000
4500
5000
0 100 200 300 400 500 600 700
hardness (mg/L)
LC
50
 
(m
g 
SO
4/L
)
C. dubia*
H. azteca
 
Figure 2.  Influence of hardness on toxicity of sulfate to Hyalella azteca and Ceriodaphnia dubia.  C. 
dubia  data are from Soucek and Kennedy (2005).    Chloride concentration for all H. azteca tests was ~25 
mg/L, and Ca:Mg molar ratio was 1.41.   
 
Relationship between sulfate LC50s and conductivity LC50s 
Conductivity LC50s ranged from 2,650 to 8,449 mhos/cm, while LC50s based on sulfate ranged 
from 1,116 to 4,345 mg SO42-/L (Fig. 3).  For tests with Cl ≤ 100, sulfate LC50s were strongly 
correlated with conductivity LC50s (R2 = 0.9769, p < 0.0001, Fig.3a), while the relationship 
weakened slightly for Cl ≤ 300 (R2 = 0.9522, p < 0.0001, Fig.3b), and Cl ≤ 500 (R2 = 0.8987, p < 
0.0001, Fig.3c).  Thus, LC50s in terms of conductivity were highly correlated with LC50s in 
terms of sulfate for both species except when extremely high chloride concentrations were used 
(300 to 500 mg/L).  The plots of conductivity LC50s and sulfate LC50s clearly illustrate the 
contention that knowledge of the contribution of various major ions is critical to effectively 
managing “produced waters” or effluents with high concentrations of dissolved solids (Ho et al. 
1997).  Not only did sulfate LC50s range from 1,200 to 4,345 mg/L, but conductivity LC50s 
ranged from 2,650 to 8,449 mhos/cm.  These wide ranges were observed for just two species 
with relatively similar sensitivity.  Clearly, any attempt at water quality standard development, 
whether based on TDS, conductivity, sodium, or sulfate, should incorporate the fact that the 
water quality parameters like hardness and chloride strongly regulate the toxicity of high TDS 
solutions.  Finally, the conductivity/sulfate plots provide further evidence that chloride and 
sulfate toxicity are additive.  When chloride was less than or equal to 100 mg/L, sulfate toxicity 
was strictly related to conductivity, but when 300 and 500 mg Cl-/L solutions were tested, sulfate 
LC50s were lower than would be predicted by LC50s based on conductivity.      
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Figure 3.  Relationship between LC50s in terms of sulfate (mg/L) and LC50s in terms of conductivity (mhos/cm) 
including tests with chloride ranging from 5 to 100 mg/L (A), 5 to 300 mg/L (B), and 5 to 500 mg/L (C).  In addition 
to the 63 new tests generated for this study, 19 tests from Soucek and Kennedy (2005) with C. dubia were included.  
Hardness ranged from 100 to 600 mg/L and two Ca:Mg molar ratios (0.88 and 0.41) in parts A, B, and C. 
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Mean LCX quotients for C. dubia and H. azteca 
For 12 of the 63 tests conducted, probit analysis would not calculate LCXs because of the 
distribution of the mortality data.  The geometric mean (n = 51) of the LC10/LC50 quotients for 
both species combined was 0.730 ± 0.092, while the geometric means of LC5/LC50 and 
LC1/LC50 quotients for both species were 0.668 ± 0.106 and 0.565 ± 0.125, respectively.  Using 
the combined data sets (n = 51) for C. dubia and H. azteca, each quotient (LC10/LC50, 
LC5/LC50, LC1/LC50) was used as a dependent variable with hardness, chloride, and species as 
explanatory variables in a simple linear regression analysis with covariance as described above.  
In all three cases, only the species effect was found to be significant (p = 0.0187, p = 0.0189, and 
p = 0.0196, respectively).  In pair-wise comparisons, C. dubia had significantly higher geometric 
means than H. azteca did for all three quotients (p = 0.0014, p = 0.0014, and p = 0.0015, 
respectively, Fig. 4), indicating that the dose-response curves for the two crustaceans were 
significantly different.  Ceriodaphnia dubia had significantly higher geometric mean 
LC10/LC50, LC5.LC50, and LC1/LC50 quotients than did H. azteca, suggesting that more 
mortality was seen at sulfate concentrations lower than the LC50 in the H. azteca sub-
populations than in those of C. dubia.  It remains unclear whether this observation was due to a 
difference in the physiological responses or tolerances of the two organisms, or whether the trend 
was simply a result of the difference in test duration for the two species (48 h for C. dubia and 96 
h for H. azteca).  Results of the multiple linear regression analysis indicated that hardness and 
chloride concentration did not have a significant effect on LCx/LC50 quotients.         
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Figure 4.  Comparison of geometric means of probit-calculated LC10/LC50, LC5/LC50 and LC1/LC50 
quotients for Hyalella azteca (n = 33) and Ceriodaphnia dubia (n = 18).  Only new tests generated for this 
study were included.  Measured chloride concentrations ranged from 11 to 525 mg/L, and hardness ranged 
from 92 to 604 mg/L.  Ca:Mg molar ratio for all tests was 1.41.  Means with different capital letters are 
significantly different (p < 0.01).   
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Comparison of test results with STR model predictions 
All ion concentrations used as input for the STR model were concentrations at the observed 
mean sulfate LC50s for each test solution type (Cl = x, hardness = y, and Ca:Mg = z), so 
“observed” percent survival in each case was 50%.  For tests with Ceriodaphnia in which 
hardness was fixed at ~100 mg/L and chloride varied from 5 to 500 mg/L, the STR model 
predicted % survival ranging from 69.0 to 48.4% (Fig. 5a).  Most predictions were greater than 
50%, and thus the model slightly under-predicted toxicity in most cases.  STR does not predict 
toxicity for Hyalella, so for Hyalella test inputs we used the Ceriodaphnia predictions from STR. 
 For tests with Hyalella in which hardness was fixed at ~100 mg/L and chloride varied from 5 to 
500 mg/L, predicted % survival varied more widely than for Ceriodaphnia with values ranging 
from 62.5 to 97.10% (Fig. 5a).  However, as chloride concentration increased, the STR model 
predictions became closer to the observed 50% survival.  In fact, there was a significant negative 
relationship between chloride concentration and predicted % survival (R2 = 0.9045, p = 0.0003, n 
= 8).   
 
For tests with Ceriodaphnia in which chloride was fixed at ~25 mg/L and hardness varied from 
100 to 600 mg/L, the STR model predictions were highly variable, ranging from 4.1 to 82.9% 
survival (Fig. 5b).  Only the hardness = 100 mg/L prediction was greater than 50% (82.9%), 
while for hardnesses of 200 to 600 mg/L, toxicity was strongly over-predicted, with % survival 
predictions of 4.1 to 21.8.  For tests with Hyalella in which chloride was fixed at ~25 mg/L and 
hardness varied from 100 to 600 mg/L, a similar patter was observed with and under-prediction 
of toxicity at hardness = 100 (88.6% survival) and over-prediction of toxicity at hardnesses of 
200 to 600 mg/L (42.3 to 0.7% survival, Fig. 5b).   
 
These data indicate that when chloride was variable and hardness was fixed at ~100 mg/L, the 
STR model was relatively accurate in predicting toxicity to C. dubia; predicted survival ranged 
from 48 to 69% and observed survival was 50% in each case because ion concentrations at LC50 
were used as inputs.  With one exception (48%), the model under-predicted toxicity for this data 
range.  This may be because the STR model is largely based on the results of fed tests, which the 
authors acknowledged had a small influence on test results (Mount et al. 1997).  However, I 
compared 48 h sulfate LC50s in unfed tests using moderately hard reconstituted water (MHRW, 
USEPA 2002) and Reformulated MHRW (Smith et al. 1997) as diluents with 48 h sulfate LC50s 
obtained from fed, 7-d chronic tests in the same two diluents (Fig. 6).  In both cases, average 
LC50s for unfed tests were significantly lower than those in fed tests.  This factor alone may 
represent the discrepancy between predicted and observed results for C. dubia for these tests.  
Others have shown that feeding algae to cladocerans during toxicity tests may reduce the toxicity 
of metals because negative charges on algal cells bind and reduce the bioavailability of positively 
charged metals (e.g., Taylor et al. 1998).  At this point, it is unknown if this observed effect is 
due to binding of sodium to algal cells, or increased robustness or lowered stress of test 
organisms that were fed during testing.  The most likely explanation is that of increased health of 
test organisms because sodium and sulfate are highly stable as dissolve ions, but this is 
conjecture at this point.   
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For the same range of variables (Cl = 10 to 500 mg/L, hardness ~100 mg/L), the STR model was 
less accurate at predicting toxicity to H. azteca.  One reason for this is that the model was not 
designed using results of tests with H. azteca (Mount et al. 1997), and H. azteca is generally 
slightly more sensitive to sodium sulfate than C. dubia.  When combining all data from this study 
and those from Soucek and Kennedy (2005), the range of LC50s for the two species are similar 
(512 to 4,345 mg SO42-/L for H. azteca, and 1,116 to 4,220 mg SO42-/L for C. dubia) over the 
range of hardness and chloride concentrations studied.  While the range of LC50s for the two 
species overlapped, H. azteca’s average LC50 (2,158 mg SO42-/L, n = 43) was significantly lower 
(p = 0.0316) than C. dubia’s (2,562 mg SO42-/L, n = 42).  Thus, as would be expected, the STR 
model under-predicted toxicity to H. azteca when using the C. dubia output; however, a 
difference in sensitivity does not entirely explain the trend shown in figure 5a.  Observed survival 
of H. azteca got closer to model predictions as chloride increased from 10 to 500 mg/L, whereas 
for C. dubia, chloride concentration did not appear to influence the accuracy of the model’s 
predictions.   This is likely the result of the fact that between 5 and 25 mg Cl-/L, H. azteca’s 
response to sulfate was strongly influenced by chloride concentration whereas C. dubia’s was not 
(Fig 1a).  Between 25 and 500 mg Cl-/L, the two species have similar responses to sulfate with 
increasing chloride (Fig. 1b), and the model appears to account for the additive toxicity of the 
two ions. 
 
When chloride was held constant (5 mg/L for C. dubia and 25 mg/L for Hyalella) and hardness 
was varied from 100 to 600 mg/L, the STR model was relatively inaccurate in predicting toxicity 
for both species.  This finding is in agreement with Kennedy et al. (2005) who found that the 
STR model over-predicted toxicity to C. dubia in sodium sulfate dominated coal-processing 
effluents with hardnesses in the 700 to 800 mg/L range.  Furthermore, the trend of under-
prediction at hardness = 100 mg/L followed by increasing degrees of over-prediction at hardness 
= 200 to 600 mg/L (see Fig 5b) was observed for both species.  This is a reflection of similarity 
with which the two species responded to sulfate with increased hardnesses as depicted in figure 
2.  These data suggest that the STR model does not account for the protective effect of hardness 
on major ion/TDS toxicity, but because of the presence of a pattern in the inaccuracy, data from 
this study may be useful in improving the model.      
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Figure 5.  Percent survival of Ceriodaphnia and Hyalella at varying concentrations of chloride (A) and 
hardness (B) as predicted by the STR model.  Model inputs were ion concentrations at nominal sulfate 
LC50s, so observed % survival in each case is 50%.  STR does not predict for Hyalella so Ceriodaphnia 
predictions were used for Hyalella test inputs.  
INHS 
June 20, 2006 
 
 18
 
 
0
500
1000
1500
2000
2500
3000
3500
4000
MHRW unfed MHRW fed RMHRW unfed RMHRW fed
LC
50
 
(m
g 
SO
4/L
)
24h
48h >3000
 
Figure 6.  Effects of presence of food on toxicity of sulfate to Ceriodaphnia dubia  in two types of test 
waters.   
 
Hardness and chloride effects on acute sulfate toxicity to bivalves.   
Five toxicity tests were conducted with 4-day-old, juvenile unionid mussels (fatmuckets, 
Lampsilis siliquoidea) at the U.S. Geological Survey’s Columbia Environmental Research 
Center.  When Ca:Mg and chloride concentration were held constant, increased hardness 
appeared to slightly reduce the toxicity of sulfate to the juvenile mussels (Table 2), but 
confidence intervals overlapped.  Test water #4 was U.S. EPA’s MHRW (USEPA 2002), and the 
96-h LC50 in this water (1,727 mg/L) was fairly similar to, but slightly lower than LC50s for C. 
dubia (2,050 mg/L), and the fingernail clam, S. simile (2,078 mg/L) in MHRW.  Chloride did not 
appear to have a strong effect either, but increasing chloride concentration from 5 to 33 increased 
the sulfate LC50 by approximately 100 mg/L (Table 2).  Interestingly, while hardness and 
chloride did not strongly affect sulfate toxicity to freshwater mussels, Ca:Mg ratio appeared to 
have a substantial effect.  In tests conducted with Ca:Mg = 1.46, 96-h LC50s ranged from 1,727 
to 1,822 mg SO4/L, while at a ratio of 2.33, LC50s ranged from 3,377 to 3,729 mg SO4/L.  This 
trend suggests that there may be a calcium threshold for unionids, which when reached provides 
a certain level of protection against sulfate toxicity, but beyond which, additional calcium 
provides minimal additional protection.  Further testing should be conducted to verify these 
trends.   
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Table 2.  Toxicity of sulfate to juvenile fatmuckets (Lampsilis siliquoidea).  All tests were conducted at 20 °C for 96 
hours with 4-d-old mussels.  Mortality was evaluated at 48, and 96 hours.  Sulfate LC50s shown are based on 
measured concentrations, and all treatments within a given test had the same chloride concentration and hardness.  
LC50s were generated using the Spearman-Karber method.   One test was conducted for each diluent type. 
Test Cl Ca:Mg hardness 48 h LC50 96 h LC50 
 mg/L ratio mg/L (CaCO3) (95% C.I.) (95% C.I.) 
1 25 2.33 100 3183 (2837-3571) 3377 (3205-3558) 
2 25 2.33 300 3523 (unrel. var.) 3525 (3330-3731) 
3 25 2.33 500 3574 (unrel. var.) 3729 (unrel var.) 
4 5 1.46 100 1702 (1598-1812) 1727 (unrel var.) 
5 33 1.46 100 2661 (2268-3123) 1822 (unrel var.) 
 
In tests with fingernail clams (Sphaerium simile), increasing hardness from ~100 to 200 mg/L did 
not have a substantial effect on sulfate toxicity, but an additional increase to hardness = 300 
mg/L caused a significant increase in the mean 96-h LC50 (Table 3).  When Ca:Mg and hardness 
were held constant, increased chloride caused a substantial increase in mean LC50 from 2,184 
mg/L (Cl = 2 mg/L) to 2,598 (Cl = 33 mg/L) (Table 3).  In the unionid mussel, Toxolasma 
texasiensis, chloride and bicarbonate were found to be equally important anions in the 
hemolymph (see McMahon and Bogan 2001).  Because bicarbonate is readily available via 
respiration and metabolism, this mussel may not depend on external chloride concentrations to 
the extent that some crustaceans do.  If this is the case, the protective effect of chloride observed 
for Hyalella and Ceriodaphnia might not be manifest in some unionoidean bivalves.  The 
hardness effect observed in this study may be more widespread among aquatic phyla, because 
calcium simply reduces gill permeability (Lucu and Flik, 1999; Pic and Maetz, 1981).  However, 
McMahon and Bogan (2001) state that unionoideans “generally lose capacity for osmotic and 
volume regulation above 3-4 ppt” (salinity).  TDS is a rough measure of salinity, and the TDS of 
a sample of RMHRW with 2000 mg/L sulfate is 2.9 g/L or ppt (Soucek unpublished data).  
Further experiments with freshwater bivalves are required to determine if there is an absolute 
TDS that is tolerable, or if the limit depends upon water quality characteristics such as chloride 
concentration and hardness. 
 
Table 3.  Effects of hardness and chloride on sulfate toxicity to fingernail clams (Sphaerium simile).  All tests were 
conducted at 22 °C for 96 hours.  Sulfate LC50s shown are based on nominal concentrations, and all treatments 
within a given test had the same chloride concentration and hardness.  LC50s were generated using the Spearman-
Karber method.   Different capital letters following means indicate means are significantly different (p < 0.05).    
Diluent n Cl Ca:Mg hardness mean LC50, mg SO4/L 
type  mg/L ratio mg/L (CaCO3) (std. dev)  
MHRW 3 4.5 1.46 99 2184 (419) B 
Hard 200 (1.46) 2 6.0 1.46 205 2244 (204) AB 
Hard 300 (1.46) 2 4.3 1.46 292 2949 (427) A 
Hard 300 (2.33) 2 4.4 2.33 285 2640 (129) AB 
RMHRW 2 32.7 5.4 106 2178 (210) AB 
Cl 33/ hard 100 3 34.4 1.46 103 2598 (341) AB 
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Examining sulfate toxicity at different hardness reveals that hardness appears to ameliorate 
sulfate toxicity to a variety of species in at least two different phyla (Arthropoda and Mollusca).  
In fact, for three of the species tested in this study, the increase in sulfate LC50 from hardness = 
100 mg/L to hardness = 300 mg/L was quite consistent at approximately 900 mg/L (Fig. 7). 
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Figure 7.  Comparison of LC50s at different water hardnesses for four different species of freshwater 
invertebrates tested in the laboratory.   
 
 
7-day chronic sulfate toxicity tests with Ceriodaphnia dubia. 
Chronic toxicity in terms of survival and reproduction was less in RMHRW compared to 
MHRW.  The Least Observable Adverse Effects Concentrations (LOAEC) and No Observable 
Adverse Effects Concentrations (NOAEC) for both survival and reproduction were influenced by 
dilution water with those for RMHRW being higher than those for MHRW (Fig. 8 and 9).  While 
LOAECs for reproduction are quite low, it should be noted that I have had a continuous, self 
sustaining, reserve culture of Ceriodaphnia dubia in MHRW spiked with 1,000 mg SO4/L since 
at least August of 2004.  Organisms used in chronic testing for this study were cultured in 
MHRW or RMHRW as appropriate.   
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Figure 8.  Mean percent survival of Ceriodaphnia dubia in 3-brood, static-renewal, chronic toxicity tests 
with sulfate in Moderately Hard Reconstituted Water (MHRW).  Bars and error bars indicate means and 
standard deviations for three separate tests.   
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Figure 9.  Mean reproduction of Ceriodaphnia dubia in 3-brood, static-renewal, chronic toxicity tests with 
sulfate in Moderately Hard Reconstituted Water (MHRW).  Bars and error bars indicate means and 
standard deviations for three separate tests.   
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Predictive equations for standard development  
Multiple linear regression analysis with covariance with the sub-dataset (n = 42) described 
previously using sulfate LC50 as the dependent variable and hardness, chloride and species as 
independent variables resulted in the following equation: 
 
LC50 = 1646+ 5.508(Hardness) - 1.457(Cl),  R2 = 0.8408, p < 0.0001 
 
This was the combined model for both species.  The intercept for C. dubia was 1,828.07 and for 
H. azteca it was 1,463.93.   
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Appendix 1. Summary of test conditions for conducting toxicity tests with juvenile mussels in 
basic accordance with ASTM (2005a). 
 
Test species: Fatmucket 
Test chemicals: Sodium sulfate 
Test type: Static  
Test Duration: 96 h (also check survival at 48 h) 
Temperature: 20±1°C 
Light quality: Ambient laboratory light 
Light intensity: 200 lux 
Photoperiod: 16L:8D 
Test chamber size: 50 ml   
Test solution volume: 30  
Renewal of solution: After 48 h  
Age of test organism: <5 day old 
No. organisms per 
   test chamber: 5   
No. replicate chambers 
   per concentration: 4  
Feeding: No feeding 
Chamber cleaning: None  
Aeration: None 
Dilution water: Reconstituted water at three hardnesses (100, 300, and 500 mg/L as 
CaCO3), and at two chloride concentrations (5 and 33 mg/L) at one 
hardness (100 mg/L as CaCO3) 
Dilution factor: 0.5 
Test concentration: Five concentrations and a control  
Chemical residues: Sulfate concentrations were determined at the beginning and the 
end of each test  
Water quality: DO, pH, conductivity, hardness, and alkalinity were determined at 
the control, medium, and high concentrations of chemicals at the 
beginning and the end of each test  
Endpoint: Survival (foot movement)  
Test acceptability criterion: >90% control survival 
 
